Graphene and hexagonal boron nitride (h-BN) are van der Waals (vdW) materials, and they share the same layered crystal structure and hexagonal symmetry, with a small lattice mismatch of only $1.7%. Graphene/h-BN heterostructures have a great deal of potential applications in diverse areas, including photo-electricity, [1] [2] [3] [4] catalysts, 5 and transistors, [6] [7] [8] [9] [10] which stimulate tremendous effort on the synthesis and characterization of the heterostructures containing graphene and h-BN. Much work has been reported about the preparation of the heterostructures by employing different growth methods and using different substrates. [11] [12] [13] [14] [15] [16] [17] [18] However, the realization of epitaxial heterostructures (graphene on h-BN or h-BN on graphene) remains challenging. Because of the stability of boron atoms and nitrogen molecules under inert conditions, the reaction to form h-BN usually requires high growth temperature (GT) (>900 C) and long growth duration (several hours). [19] [20] [21] [22] [23] Additionally, due to the weak vdW interaction, it is difficult for boron and nitrogen atoms to stick on to the surface of a deposited film, thus hindering the growth of h-BN films with a controllable thickness for dielectric materials and barriers.
In this paper, we demonstrate a pathway to produce graphene/h-BN heterostructures. By introducing C 2 H 2 gas molecules onto the heated exfoliated h-BN flake covered cobalt (Co) substrate in a molecular beam epitaxy (MBE) system, we observed that instead of layer-by-layer growth of graphene on top of h-BN, the carbon atoms dissolve in Co, diffuse, and grow underneath h-BN flakes by precipitation to form graphene/h-BN heterostructures. Various methods were employed to characterize the samples. Growth mechanism involving the dissolution/diffusion/precipitation of carbon atoms in Co is discussed.
A 300-nm Co thin film was grown on a SiO 2 /Si wafer by an e-beam evaporator. After that, h-BN flakes were transferred on Co by the tape-exfoliation method to finish substrate preparation. 24 The substrates were subsequently transferred to a Perkin-Elmer MBE chamber for graphene growth. Acetylene gas (C 2 H 2 , Airgas, 99.9999%) was connected to the MBE chamber as C source, while H 2 gas (Airgas, 99.9999%) was also introduced into the chamber through a needle valve before and during the growth. The substrate temperature was ramped to a target growth temperature between 720 C and 800 C with a ramping rate of 10 C/min. Before the growth, the substrate was annealed in 10-sccm H 2 for 10 min to remove possible contamination. Then, the H 2 flow rate was decreased to 6 sccm, and graphene growth started by the introduction of 3-sccm acetylene. The growth duration lasted from 60 to 1200 s for different samples. After the growth, the sample was cooled to room temperature with a cooling rate of 10 C/min. The surface roughness of the substrate was measured by a tapping mode Veeco D5000 atomic force microscopy (AFM) system. Optical microscopy and Raman characterizations were performed using a HORIBA LabRam system equipped with a 60-mW 532-nm green laser. A lab-built microwave impedance microscope (MIM) based on a contact-mode Bruker Dimension Icon AFM platform was used for surface morphology and conductance analysis of samples. The samples were also studied using a Nanosurf Naio scanning tunneling microscope (STM).
Before the growth, AFM characterization was performed on prepared exfoliated h-BN flakes on the Co thin film substrate [ Fig. 1(a) ]. H-BN flakes are less in density on Co than that on the SiO 2 /Si substrate using the same procedure, which is due to rougher Co surface [root mean square (RMS) roughness is $1.5 nm at 4 lm 2 area]. The Raman spectrum [ Fig. 1(a) ] shows a sharp h-BN E 2g peak located at a)
Author to whom correspondence should be addressed: jianlin@ece.ucr.edu. Published by AIP Publishing. 111, 011903-1 À1 for a flake of $100 lm 2 and a thickness of $65 nm. The RMS roughness of h-BN at the center area is 0.85 nm (4 lm 2 area), and some "wrinkles" on the h-BN are also observed in the AFM image. A typical growth was done at 770 C for 100 s. From the optical microscopy image of this sample [ Fig. 1(b) ], two h-BN flakes can be found and a hole is formed in the Co film (blue square), which is due to partial evaporation of Co at high temperature. Most surface area of Co shows uniform color contrast except some parts especially on the top left corner, which means graphene is locally uniform. The red and black Raman spectra as shown in Fig. 1 (c) were obtained on and away from the h-BN flake, respectively, corresponding to the areas marked by the red and black circles in Fig. 1(b) . The black Raman spectrum shows clear graphene Raman G and 2D peaks at 1572 and 2685 cm
À1
, respectively, with a G/2D peak intensity ratio of $1. This indicates the existence of bi-or tri-layer graphene on the exposed Co film area. When the measurement was done on the h-BN flake, h-BN E 2g , graphene G and 2D peaks are revealed. In addition, a 20-cm À1 blue shift of the 2D peak is found, which is discussed further in Fig. 3 . Detailed Raman mapping of h-BN E 2g and graphene G peaks was performed, and the results are shown in Figs. 1(d) and 1(e), respectively. The mapping area is shown by the yellow square in Fig. 1(b) . The H-BN flake shape is identified in Fig. 1(d) , which agrees with the optical microscopy image. Different intensities are observed because of different thicknesses of h-BN layers from the exfoliation process. A more uniform color distribution in Fig. 1(e) shows the graphene film coverage. However, weaker or even no graphene signal can be observed in the center part of the h-BN flake (dashed line area). The distribution is not correlated with the thickness or roughness of the h-BN flake but relies on the size of the h-BN flake and diffusivity of carbon atoms in Co. The Raman characterization of the area with a smaller h-BN flake shows that graphene coverage is full and uniform under the entire flake, further proving this point (Fig. S1 in the supplementary material). For comparison, a reference sample was grown on a substrate having exfoliated h-BN flakes on SiO 2 /Si using the same conditions [ Fig. 1(f) ]. No graphene signal can be detected, which implies the importance of Co. The importance of Co on the growth of graphene is further confirmed by the growth and characterization of a sample on a substrate with exfoliated h-BN partially covering heatinduced holes in the Co thin film (Fig. S2 in the supplementary material).
Our previous results reveal that the GT has a significant impact on the characteristics of graphene films on iron substrates. 25 Here, besides the sample grown at 770 C ( Fig. 1) , we tried other GTs: 800, 740, and 720 C. Optical microscopy images show different graphene contrast in Figs. 2(a)-2(c). Thicker graphene regions (darker spots) with higher density are observed in the samples grown at higher GTs. Raman spectra were measured at the locations marked with red and black circles in the optical microscopy images. Sharp h-BN peaks are observed from all three samples. However, the graphene signal becomes weaker with the decrease in GT, and as the growth occurs at 720 C, a visible D peak appears in the Raman spectrum, and the graphene signal is negligible when measured on the h-BN area. The situation that lower GT leads to weaker graphene signal happens on both bare Co and h-BN regions, which agrees with the optical microscopy observations. of samples grown at 60, 300, and 600 s, respectively. When the growth time is short ( 60 s), no graphene signal can be observed; and as the growth time increases, G peak appears and becomes larger, which means that graphene starts to grow. The same conclusion can be drawn from optical microscopy images. With longer growth time, more black domains are observed because of thicker graphene flakes. The graphene thickness dependence on the growth time is shown in Fig. 3(b) . Assuming the thickness of h-BN flakes is roughly the same, we use the G/h-BN peak intensity ratio to identify the graphene thickness. With the increase in the growth time, the graphene thickness increases; however, it reaches the saturation level after a long growth duration (!900 s). This suggests that the graphene might not be epitaxially grown on top of h-BN; instead, it was formed by the precipitation of carbon from the Co substrate. The graphene thickness saturation under long growth time may be originated from carbon solubility in Co at certain temperature. As growth time is short, carbon solubility has not reached its saturation. With the increase in the growth time, more carbon atoms dissolve into the metal and subsequently form graphene. However, further increase in the growth time leads to the saturation of carbon atoms in Co. Thus, the resulting graphene thickness appears to be the same among these carbon-saturated samples due to the same cooling condition for the precipitation growth. Figure 3(c) shows the Raman spectrum near 2700 cm À1 of the sample grown for 600 s. After fitting, two peaks are found to exist at 2693 and 2736 cm À1 , which are the two components of graphene 2D peak. 26 Similar broaden 2D peaks have been observed for all heterostructure samples, which is due to the orientation and stacking of multilayer graphene.
A series of scanning probe microscopy (SPM) measurements were performed to further reveal that graphene grows underneath rather than on top of the exfoliated h-BN flake. Figure 4 summarizes the results from a sample grown at 770 C for 100 s. An h-BN flake with a thickness of $60 nm is observed by the contact mode AFM [ Fig. 4(a) ]. The roughness of the flake is around 0.90 nm for 4 lm 2 area, which is close to the RMS roughness value before growth. STM was performed to check the atomic information of the as-grown sample: a typical graphene STM pattern with a lattice constant of 2.40 Å is observed on Co [ Fig. 4(b) ], but no graphene signal is detected when measured on exfoliated h-BN [ Fig.  4(c) ]. This result implies that either there is completely no graphene or graphene is not continuous on top of insulating h-BN, leading to the difficulty to be detected. To clarify the situation, MIM measurement was carried out using a labbuilt MIM system 27, 28 with a solid platinum cantilever probe that has a sharp tip at the end. A microwave signal at 1 GHz was sent to the metal probe, and the reflection signal, determined by the tip-sample admittance (inverse of impedance) was analyzed [ Fig. 4(d) ]. When the tip makes direct electrical contact with a conductive region, a large increase in the MIM signal, referenced to the case when contacting an insulating region, can be detected. It is worth noting that the MIM detection of metallic regions does not require a backelectrode on the sample because MIM senses the local screening of the microwave electric field by the sample. In the simultaneously obtained MIM image, qualitatively different features are observed in the h-BN region and in its surrounding Co area: random spark signals (bright spots) are observed in the Co area, whereas the h-BN area has a consistently low MIM signal. The inhomogeneous MIM spark signals over the Co area is due to the imperfection of graphene quality and substrate flatness (the MIM image of pristine exfoliated graphene on SiO 2 is given in Fig. S3 in the supplementary material). In contrast, no sparks being detected in the h-BN area indicate that there is no graphene on top of h-BN. Since Raman spectra indicate the existence of graphene from the h-BN area, it can be concluded that graphene has not been grown on top of the exfoliated h-BN, but underneath the flake.
Further film transfer experiment was performed to remove the Co substrate of the sample grown at 770 C for 100 s, and both h-BN and graphene signals are still detected after transferring (Fig. S4 in the supplementary material) . It suggests that the vdW attractive force between as grown graphene and exfoliated h-BN can withstand the transferring process. This is a direct proof that the precipitation growth of graphene under the exfoliated h-BN layers undergoes the vdW growth mode.
Finally, we can briefly discuss the growth mechanism as illustrated in Fig. 4(f) . C 2 H 2 decomposes into carbon and hydrocarbon atoms on the Co surface, and the dissolved carbon atoms diffuse into the area under the exfoliated h-BN flake and precipitate later in the same area to form graphene during the substrate cooling period. As grown graphene attaches to the bottom surface of the exfoliated h-BN through vdW forces. The graphene coverage underneath h-BN is determined by the carbon solubility in Co, diffusion length (how far carbon atoms can reach the center area of h-BN from its edge), and substrate temperature cooling rate. It should be noted that although Co is selected here to demonstrate the heterostructure formation mechanism of epitaxial graphene under exfoliated h-BN, other parameters such as the thickness of Co, substrate cooling rate, and other metal substrates can be chosen to further control the number of graphene layers. For example, we may prepare a substrate by transferring exfoliated h-BN onto Cu-Ni alloy and perform similar growth to achieve single-or bi-layer graphene under the h-BN with controlling the fraction of Ni. 29, 30 These future efforts will certainly enrich graphene/h-BN heterostructures for various applications.
In summary, we demonstrated the h-BN/graphene heterostructure by precipitation growth of graphene under exfoliated h-BN flakes on Co film substrates. The growth was done by introducing C 2 H 2 gas onto the heated substrate in an MBE chamber. No graphene was grown on top of the h-BN flakes under the investigated growth conditions. The graphene coverage and thickness are dependent on the size of h-BN flakes, growth temperature, and duration, which is related to the carbon's diffusion length and solubility in Co. This growth method provides a convenient path to produce graphene/h-BN heterostructures, which avoids high temperature and long duration needed for BN growth.
See supplementary material for the optical microscopy and Raman scattering characterization of graphene on smaller-size exfoliated h-BN on Co, graphene on h-BN on Co with heat-induced holes and a transferred graphene/h-BN heterostructure sample, and AFM/MIM studies of pristine graphene reference sample. This work was supported by FAME, one of six centers of STARnet, a Semiconductor Research Corporation program supported by MACRO and DARPA.
